The design of a large underground detector (N O E ) devoted to the search for long baseline neutrino oscillations is presented. suggested by the atmospheric neutrino oscillation signal. A simultaneous search for muon neutrino disappearance and appearance of tau and electron neutrinos is possible. The corresponding sensitivities are evaluated on the basis of a complete analysis of Montecarlo events fully simulated and reconstructed in the detector.
Conceptual design
The scientific goal of the N O E long baseline (LBL) experiment is the search with the proposed Neutrino to Gran Sasso (NGS) facility for The detector has been evolving towards a more sophisticated layout aiming at a better sensitivity to £ appearance. Appeareance searches require the use of higher performance dedicated subdetectors: the basic detector module has to include a sensitive target capable of particle identification, in addition to a calorimeter and muon detector. The total detector tonnage is achieved by a sequence of such identical modules. Thus two classes of events can be recorded. The first one contains neutrino interactions in a granular and diluted target, where vertex reconstruction, tracking, kinematical analysis and particle identification can take place. The following calorimeter contains the events and measures the total energy. In this sample, detection of £ and ¤ appearance can be achieved. The second class consists of neutrino interactions in the total detector mass. In this sample -identification allows, at the same time, the oscillation search in the disappearance channel.
The layout proposed here allows flexibility and good balance between appearance and disappearance search. According to the forthcoming indications from the K2K experiment, upgrades to the detector described here can be foreseen and easily implemented. Some ideas will be presented at the end of this report.
Finally, it is worthwhile to notice that the sensitivity to disappearance increases very weakly as the mass increases (
! "
) whereas the granularity coarsens. Therefore to save the ability to perform appearance and disappearance at the same time and to achieve a good event pattern reconstruction, a careful choice of the mass is required.
In this framework the N O E collaboration has developed one possible reference design based on two main subdetector. Further suggestions capable to enhance the detector potential will be welcome.
The N O E Detector
According to the previous conceptual considerations, the essential hardware elements of the NOE detector are "light" Transition Radiation Detector (TRD) modules for a total TRD mass of 2.4 kton interleaved with modules of a massive fine grain 5.6 kton calorimeter (CAL). In the TRD target, interaction vertex finding, tracking, e-identification and kinematics reconstruction, are performed. A TRD and a CAL module together, form the Basic Module (BM) of the N O E detector (Fig. 1) . The whole 8 kton N O E detector is made of twelve subsequent BM's (Fig. 2) .
Particle identification in the TRD and CAL, electron and hadron energy measurements in the CAL and muon energy measurement in the TRD, are the high quality features of this LBL detector. This combination allows a strong rejection of background, making easier identification of oscillation signatures. In particular, in the light TRD target a good reconstruction of neutrino interactions with low hadronic multiplicity (quasi elastic and resonance production) is also possible.
Since the transition radiation is detected by many layers of proportional tubes, the muon energy can be determined by multiple measurements of the energy loss dE/dx, once a muon track has been recognized in the calorimeter. The advantage of such a distributed muon detector is the capability to measure the muon energy even for muon tracks exiting the apparatus from the side walls.
The N O E TRD
The main task of the TRD subdetector is to provide a very clean electron identification, to be then followed by an energy measurement in the calorimeter. Besides the ¤ appearance search, £ appearance can be detected The last target wall is followed by eight TRD layers, that still provide adequate tracking and identification of secondary particles. The total mass of the 12 basic TRD modules, including the foam and the tube materials, is about 2.4 kton. Each target wall corresponds to 0.22 X § (sampling) while the entire TRD basic module corresponds to about 7 X § and 1.7¨© . The marble facilitates the detection of showering electrons, leaving the pions at minimum of ionization for many layers.
Polyethylene instead of marble can be also considered: in this case each target/sampling would correspond to 0.1 X § while the entire module would correspond to about 3 X § and 1.8¨© . In order to convert efficiently the TR photons inside a tube of 3 ¡ 3 cm¦ cross section, an Ar (60%) -Xe (30%) -CO ¦ (10%) mixture will be used.
The solution of spreading a low density target along the first 32 layers has been adopted for different reasons:
with a diluted target and good sampling the density of secondary tracks near the production vertex is reduced thus allowing a better multiplicity recognition and space reconstruction of the event.
the adoption of proportional tube planes, inside the low X § target, allows a reasonable fraction of neutral pions (gammas) to travel for a few detection layers without conversion. For example, 65% of § do not convert before the third layer in marble.
one interaction length along the tracks of charged pions corresponds to 20 layers. Hence it is possible to identify pions as m.i.p.'s in several TRD layers before they interact.
A large volume TRD built for the MACRO detector has been operated at Gran Sasso and extensively studied by one of the groups in the present collaboration.
Muon detection
Taking into account that the muons produced in neutrino intereactions at the NGS are in the region of the relativistic rise of dE/dx, the TRD proportional tubes can be used to measure the muon energy in the range 125 GeV, once this particle is identified as a muon in the following calorimetric module. As it is typically done to discriminate hadrons up to 100 GeV/c momentum, using multiple dE/dx measurements in TPCs or proportional chambers, the ionization energy released inside the tubes must be measured by ADCs. In the EPI detector (128 Ar gas samples each of 6 cm depth) the resolution achieved on the ionization energy was 3%, thus allowing to separate pions from protons at 100 GeV/c. These results were in good agreement with the typical dependence ¦ § of the resolution of gas counters on the total length L. ¿From a study on the Bethe-Block dependence of the specific muon energy loss ( §=dE/dx), it turns out that, in order to achieve an energy resolution . This resolution can be compared to that achieved by using magnetic field technique. A dedicated test beam is planned to check predictions.
In order to measure the muon energy when the neutrino interactions occur in the last TRD and CAL targets, a muon catcher consisting of 32 layers of proportional tubes, equivalent to a TRD basic module, is placed at the end of the N O E detector.
The N O E calorimeter
Different calorimeter layouts, based on the use of scintillation counters, have been carefully examined. In particular, a sampling iron calorimeter based on scintillating fibers will be described here.
The calorimeter design fulfills the following requirements:
the thickness has to be dimensioned to absorb events generated in the TRD target.
The sampling must be § § radiation length in order to achieve a good energy resolution.
Several detector prototypes have been built and extensively tested. A present, it turns out that the scintillating fiber solution represent the best choice for the calorimeter.
It is worth noting the high intrinsic granularity of the proposed solution: the average distance between fibers inside the absorber is only a few mm.
Crossed Fiber-Bars option (C.F.B.)
A preliminary calorimeter set up has been described in the letter of intent submitted to the Gran Sasso Committee in the occasion of a call for proposals for long baseline neutrino experiments
The calorimetric technique of embedding scintillating fibers into an absorber has been developed successfully in the past years. An evolution of such a proven device into a massive detectors is considered in this project. In this option the N O E calorimeter is composed by 9 m long bars with scintillating fibers parallel to its axis and iron ore radiator distributed inside. Besides radiopurity, the main features of the iron ore absorber are shown in Table 1 .
The whole detector is made by alternate planes of crossed calorimetric bars (Fig. 3) ¦ © . Assuming read out at both ends, in Table 2 the main features of the calorimeter are shown. All fibers are grouped together at each side of the calorimetric bar, then coupled to single or multipixel photodetector. Finally we stress that the extreme modularity of the N O E calorimeter allows to assemble the detector elements outside the gallery, greatly improving the construction efficiency.
Crossed Fiber-Planes option (C.F.P.)
A more sophisticated evolution of the previous layout could be made of crossed fiber planes interleaved with thin absorber iron sheets © (£¨mm). Each fiber plane would consist of self-supporting slabs made of extruded iron ore and recycled plastic. The 6.5 mm thin slab would be madeof two identical profiles which provide fiber housing (Fig. 5) .
Such a layout allows a finer sampling always in two views, which improves the accuracy of the shower axis determination. Moreover each pattern element is seen at the same time in the X and Y projections. With respect to the previous option the number of fibers per unit thickness is unchanged, but half of the them are oriented in the X direction and half in the Y direction. The number of read out channels will consequently double.
The plastic and iron ore extrusion has been extensively developed and tested by two different factories that manufactured very high quality products with a density up to ¢ ¤ ¦ g/cm.
Detector simulations
The detector simulation is performed using a GEANT 3.21 based Monte Carlo program. Production of TR photons has been introduced in GEANT whenever a relativistic charged particle (© § ¨ ¨ ¨ ) crosses the radiator. Tables of calculated mean number of photons are used to determine the number of TR X-ray produced (using a Poisson distribution) for given radiator thickness and Lorentz factor © . The ionization energy by delta rays has also been included.
We assume that the readout of proportional tubes is realized by means of ADCs. A gaussian fluctuation of § ¨ as overall resolution in the measurement of the pulse heigth as well as the saturation of ADCs at energy deposits of § ¨ ¨ in the tube have been included. These assumptions are based on previous tests and measurements in similar conditions. One of the main task of the TRD target is the strong discrimination between electrons and pions. This feature is the basic requirement to search for decay in the most favourite electron channel. In dense calorimeters the e/ shower discrimination is based on complicated algorithms depending on the energy. In TRDs, transition radiation and the presence of a shower give a clean separation of electrons from minimum ioniz- respectively. The frequent sampling of scintillating fiber calorimeters appears essential for high resolution energy measurements, as previously extensively proven. Compensation, i.e. equal signal for electrons and hadrons of the same energy, is also achieved.
The energy resolution for electrons and pions emerging from neutrino interactions in the TRD and releasing their energies partially in the TRD and partially in the CAL has has been calculated by Montecarlo (table 3) . . It is worth to mention once again that the average energy of the neutrino beam and the details of its energy spectrum can benefit from further careful optimization. In particular it is desirable to reduce any high energy tail, that does not significantly contribute to the £ rates, whereas it does produce a background of ordinary NC events and of charmed mesons from CC interactions.
This latter is indeed a serious background for any £ appearance experiment. In the N O E detector, and in general in an electronic detector able to apply both topological and kinematical strong cuts, this background can be significantly reduced.
appearance searches
Tau appearance search is performed on the basis of kinematical identification of decay. The ¢ is the favoured channel for this search due to the low background level and the good electron identification capabilities of the TRD. It is worth noting that in the region of atmospheric anomaly the oscillation probability is ¨ § ¨ ¨ t imes higher than expected in NOMAD, so that a much lower background rejection power is required.
In order to check the overall N O E performances, a complete chain of full event simulation and analysis has been performed. Event generators that include Fermi motion, polarization and nuclear rescattering inside the nucleus have been used to simulate deep inelastic, quasi elastic and resonance production events. Generated events are processed by a GEANT based MonteCarlo in which calorimeter and TRD geometrical set-up are described in great detail, down to a scale of a few . Fiber attenuation length, Birks saturation, photoelectron fluctuations and non linearities of the readout electronics for both TRD Electron identification is performed, after selection of fully contained events only, looking for a energy release above a given threshold in the TRD and in the calorimeter readout elements and contained in a Table 4 : Percent efficiency of analysis cuts for the the ¥ ¦ e signal and for the main background sources.
The background from charm production comes from the fraction of ¡ CC events in which the muon is lost and the electron from charm decay is detected. After analysis cuts its contribution is completely negligible.
The efficiency of each individual cut for signal and the main background sources in the high energy beam is reported in Table 4 .
Expected number of candidate events, from signal and background, surviving the complete analysis are shown in Table 5 . A four years exposure with § § ¨ protons per year is assumed. Inspection of the columns of the tau yields from appearance and of the muon depletion R in Table 5 suggests that it may be worthwhile to try to design a beam of average energy somewhere in between the two ( high and low energy ) options considered here so to make both measurements simultaneously significant, in line with the basic concept of the design of the N O E detector.
The minimum detectable oscillation probability is given bÿ
where § is the analysis efficiency, is the branching ratio of the decay in electron plus neutrinos and In addition the near detector gives a measure of the ¤ beam contamination. This information is useful to evaluate the background in the electron channel oscillation appearance test.
Atmospheric neutrinos
The study of the atmospheric neutrino anomaly can also be performed with our high granularity 8 ktons detector. The As recently pointed out by many authors, it would be important to measure the flux of atmospheric ¡ as a function of L/E, where L is the neutrino flight path and E is the neutrino energy. Our detector can track muons with high precision and its capability to measure the hadron energy and direction will provide a good estimate of the neutrino direction and therefore of L . In addition, these studies could benefit from the rather unique capability of N O E to detect a fraction of the protons produced in quasi elastic neutrino events from atmospheric neutrino interacting in the 2.4 Kton of TRD.
The N O E technique for muon energy measurement using the proportional tubes of the TRD system was discussed in section 4 and can be complemented by the measurement of the muon range for lower energy muons.
The results of the test beam (scheduled for December 1998 at the CERN PS) is crucial for such analysis. We are confident to be able to quantify in a few months the capability of NOE in the atmospheric neutrino sector.
Possible detector improvements and upgrades
The full simulation and analysis of the -oscillation on the reference detector provide useful feedback to understand where to address efforts to improve the performance of the detector. Upgrading could be foreseen, studied and implemented eventually on the basis of the forthcoming K2K results.
At present we believe that the calorimeter we have chosen is well balanced in terms of performance and cost. It seems useless to increase the granularity of this device whose main purpose is to measure the energy of the final part of the events. Instead our attention should be focused on the TRD granularity where vertex and kinematical reconstruction of events can be improved to enhance the £ appearance signal. Some of us have suggested to make the TRD marble targets 'active' by dividing each layer in 2-3 layers interleaved with planes of scintillator strips arranged alternatively according to the X and Y directions and read out by WLS coupled to hybrid photomultipliers (HPD) or electron bombarding CCDs (EBCCD). Strips of about¨ ¡ ¨ cm¦ cross section ensure a good aspect ratio able to give enough light yield to get high efficiency. Therefore with respect to the reference TRD the sampling could improve by a factor 4 (down to 0.05 § ), thus allowing a higher fraction ( ¨ ) of gammas from neutral pions decays to travel for a few active layers without conversion. Hence, very powerful e/ § discrimination and high granularity event topology can contribute to reduce the NC background close to zero. The kinematical reduction of ¤ CC background would also take advantage of the higher granularity. Preliminary calculations indicate that the background shown in table 5 for the £ appearance analysis based on the reference detector can be reduced by a factor of 2.
Logistics and costs
The N O E detector can be located in hall B of the Gran Sasso Laboratory. Like MACRO, N O E consists of 12 modules (TRD+CAL). Such a configuration allows to reuse the gas system and the distribution pipelines for the TRD proportional tubes. In addition the possibility to reuse part of the mechanical and electronic equipment has been considered. The total estimated saved cost is 4 M dollars.
The breakdown of the costs for the proposed detector configurations and the total cost of N O E are shown in table 6. Due to the fact that TRD cost/kton is even lower than calorimeter cost/kton, the use of two subdetectors does not add any additional cost with respect to a less powerful homogeneous detector.
The present year 1998 has been devoted to build a prototype 1:1 in thickness of the basic module TRD+CAL to test at PS in december. Several results concerning e/ discrimination, energy resolution, muon energy resolution and calibrations for Montecarlo simulation will be achieved. 
